INTRODUCTION
During the last decade more than 70 microbial genomes have been sequenced and published. For some genome projects, directed sequencing strategies based on successive sequencing of large fragments (Goffeau et al., 1997; Kunst et al., 1997) were used, whereas most of them were sequenced by the whole genome shotgun sequencing technique (Fleischmann et al. , * To whom correspondence should be addressed. 1995). This strategy is composed of two phases: a random sequencing phase and a finishing phase (for review Frangeul et al., 1999) .
Although certain genome projects apparently did not encounter significant problems during their finishing phase (Fleischmann et al., 1995) , others were quite difficult to finish. Due to numerous unclonable genes and/or many repeated regions, the finishing phase of certain projects lasted several months instead of some weeks as initially expected. Finally only new techniques, like for instance Genome Priming System (GPS™ New England BioLabs) allowed the identification of the missing sequences (Tettelin et al., 2001) . However, the information obtained from a genome depends largely on the quality of the annotation of its complete sequence (e.g. CDS identification, function prediction). The importance of a comprehensive annotation is also stressed by the fact that annotation errors not only have an immediate impact on the quality of the annotated genome itself but also lead to the propagation of these errors via the databases as most annotations are based on similarity to other proteins and rarely experimentally validated (Brenner, 1999; Kyrpides and Ouzounis, 1999) . The quality of the annotation depends on the computer tools available as well as on the work and time dedicated to it by the annotators (Galperin and Koonin, 1998; Smith and Zhang, 1997) . More and more annotation tools are available and they are more and more effective [GeneQuiz (Andrade et al., 1999) ; MagPie (Gaasterland and Sensen, 1996) ; Artemis (Rutherford et al., 2000) and GenoStar (www.genostar.org)]. However, to our knowledge none of these tools are adapted to manage a set of contigs which are frequently updated. To address this problem, we developed a set of programs called CAAT-Box (Contigs-Assembly and Annotation Tool-Box), which allows the annotation of contigs to start during the finishing phase of the sequencing project. This appeared to us the best way to give time to the annotators and, concurrently, to accelerate the global process needed to obtain a complete annotated genome. (Altschul et al., 1997) . This article describes two main parts of the CAAT-Box which are amongst the most innovative ones with regard to the current needs in the field of prokaryotic genome sequencing:
• New tools for the finishing phase which allows link predictions between contigs based on comparisons to other closely related completely sequenced genomes.
• Tools which allow annotation during the finishing phase, based on the creation, management and editing of Individual Protein Files or IPFs.
CAAT-Box was initially used for two genome sequencing projects: the Listeria monocytogenes and the Listeria innocua genome projects (Glaser et al., 2001 , http://genolist. pasteur.fr/ListiList). To illustrate each module of CAAT-Box described in this article, an example from these two genome projects will be given. However, this program is suitable for any prokaryotic genome sequencing project.
NEW TOOLS FOR THE FINISHING PHASE
After the random sequencing phase and the correction of the 'low quality' regions, the aim of the finishing phase is to determine the organization of the contigs within the genome. The first step is to construct super-contigs, which are a set of consecutive, properly ordered contigs. The next step is to close the sequence gaps by determining the missing sequences between each contig pair to finally obtain a complete genome sequence.
Like other finishing software, as for example Consed (Gordon et al., 2001) , CAAT-Box allows the prediction of links between two contigs by analysing the clones used in the assembly. In addition, CAAT-Box predicts super-contigs by comparing the sequence of the contigs to any complete genome sequence selected by the user. For these comparisons Blastn and Blastx (Altschul et al., 1997) are used and the programme automatically analyses the results (see Methods section). This function proved to be very useful for the finishing of the L.monocytogenes genome, as a high synteny with the Bacillus subtilis genome (Kunst et al., 1997) allowed to predict several links. Moreover, numerous current projects are comparative genomics projects requiring knowledge of genome sequences of closely related species (Brosch et al., 2000; Glaser et al., 2001; Hancock et al., 1998; Tomb et al., 1997) or different strains of the same species (Kuroda et al., 2001) , illustrating the power of such comparisons for predicting links during the finishing phase.
As mentioned above, these modules were used during the finishing phase of the L.monocytogenes and the L.innocua genome sequencing projects. First, to predict links between 247 contigs of L.monocytogenes (183 of length >2 kb) by comparing them to the published genome and protein database of B.subtilis (http://genolist.pasteur.fr/SubtiList/), second, to predict the links of 196 contigs (138 of length >2 kb) of the L.innocua project by comparing them to the complete L.monocytogenes genome.
Bacillus and Listeria both belong to the group of Grampositive bacteria with low G+C content. Their 16S RNA sequences are known to be highly homologous (91% of similarity). A first comparison of L.monocytogenes contigs with the complete genome of B.subtilis showed regions of synteny. Therefore, the genome of B.subtilis was used to predict links between the Listeria contigs. If contig ends containing ribosomal RNA sequences were not taken into account, comparison of the nucleotide sequence of 183 L.monocytogenes contigs with the B.subtilis genome indicated 68 predictions of links, 36 (53%) of which turned out to be exact. When comparisons at the protein level were used, 179 predictions were obtained, 82 (46%) of which were shown to be exact. The majority of the false predictions were due to a chromosomal rearangement between L.monocytogenes and B.subtilis or, more frequently, to strong similarities between non-orthologous genes like ABC transporters, which these two genomes contain in high numbers.
The power of this tool is shown when used with highly related genomes like the L.monocytogenes and L.innocua genomes. All links (80% of the contig ends), except those corresponding to repeated regions like ribosomal RNA or phages, were correctly predicted during the finishing phase of the L.innocua genome project. The reliability of the predictions obtained by these modules of CAAT-Box depends indeed on numerous criteria like the absence of repeated regions, the quality of the sequences at the contig ends and the similarity between contigs and the control genomes. Regarding the two Listeria genome sequencing projects, the comparison of the ends of contigs to other genomes therefore contributed largely to the rapid progress of the finishing phase. For the contigs ending in repeated sequences (IS, phages or rRNA), the predictions of the contig order can be done on the basis of the global synteny with control genome(s). For this purpose, CAAT-Box will create IPFs and compare all these proteins deduced from the contigs to the control genome.
TOOLS WHICH ALLOW ANNOTATION OF THE CDS DURING THE FINISHING PHASE: CREATION OF THE INDIVIDUAL PROTEIN FILE OR IPF
Throughout the finishing phase of a genome project, most contig sequences remain unchanged. However, the duration of the finishing phase is very variable depending on the genome coverage by the DNA libraries, the number of clones sequenced during the random phase and the number of repeated sequences present in the genome (rRNA, phages, IS). It is therefore very advantageous to have a model allowing the annotation of the open reading frames (ORFs) to start during the finishing phase of a project. The difficulty resides in the fact that progression of the finishing phase can involve the modification of several hundred ORFs due to fusions or fissions of contigs and to addition or deletion of one or more bases. To deal with this problem and to avoid the re-annotation of the entire contig after each assembly, we chose an approach based on the segmentation of the sequences. This strategy necessitates only the re-annotation of the segments which have changed after the assembly instead of the complete contig. The DNA sequence was segmented according to the ORFs identified within the sequence. However, to facilitate the management of these segments, we included in our sequence fragments 500 nucleotides before and 200 nucleotides after each ORF. This strategy also facilitates the detection of frameshifts and allows a more comprehensive annotation of the genes by including for instance regulation signals or transcription terminators. Each of these segments are recorded in an individual text-file, called Individual Protein File or IPF. This text file is identified by a unique number and is linked to the assembly by the identification of the contig on which it is located and by its position on the contig.
CAAT-Box offers two kinds of automatic annotations for each IPF:
First, CAAT-Box is used to search for start codons, the most probable ribosome binding site and to predict the coding probability of an ORF by using the Blast and the Genemark programs (Altschul et al., 1997; Isono et al., 1994) . ORFs with low coding probability (see Methods) will automatically be marked with the keyword 'FALSORF'. However, as automatic annotation may be erroneous, the user is able to manually change this identification at any time. Furthermore, the programme stores during the entire annotation phase the putative coding sequences (CDS) as well as the putative 'FALSORF' so that the annotator has the choice to work with all IPFs or only the predicted CDS. Second, the user will be able to use other annotation programs which produce 'text' or 'HTML' results. These results are automatically linked to the IPF during its presentation to the annotators.
High-quality annotation of a complete genome is an important and difficult task. Therefore, genome annotation is often distributed among numerous different experts who may be located in different countries all over the world. One aim of CAAT-Box was therefore to provide a possibility to allow annotation to be performed in parallel at different locations. This aim was achieved by visualization and edition of the IPFs via a set of programs which create HTML pages for use via the Internet. The presentation of the IPFs via the Internet is obtained by the program 'IPF_reader'. The 'IPF_reader' program presents the complete information on each ORF in a HTML page. The 'IPF_reader' searches in a specific directory the comment-file associated with each IPF as well as all other external results associated with this IPF. From this information it creates a table of HTML links to the result files (Fig. 1) .
Depending on the organization of a genome project, different participants may intervene at different levels during the project. Therefore, we created three levels of access to the IPFs corresponding to the three types of users:
• The 'reader' can only visualize the file and additional results associated with it. • The 'commentator' can add, via a form, his own comments which will be organized in a separate commentsfile associated to the IPF.
• The 'annotator' can create new fields within the IPF as well as modify all the fields which are not automatically created by the in silico analysis. For instance he or she may change or validate the start codon which was created automatically by the programme by a simple click on the start codon of his choice in order to define or validate a CDS.
For each new assembly, a new IPF panel will be created according to the ORFs defined for this assembly but also according to the former IPF panel (see Methods) so that all IPFs which have not been modified will keep their annotations and their associated results. Figure 2 schematizes the annotation strategy of the contigs using the IPFs. The advantages of this strategy are the following:
• The annotators work independently of the development of the finishing phase.
• IPFs which were modified from one assembly to another are quickly identified by their new version number.
• After an update, a complete automated annotation is rapidly obtained as only those IPFs which were modified need to be re-analysed by the annotation programmes (SignalP, Blast, Hmmpfam, etc.) An additional advantage of CAAT-Box is that one can export the annotation data into EMBL-files, fasta-files or tables containing the selected IPF fields. This feature allows the use of additional software dedicated to genome annotation (Andrade et al., 1999; Medigue et al., 1999; Rutherford et al., 2000) . The users may thus easily create their own database. In each file created, the program will preferentially use the data entered by the annotators rather than the data resulting from automated annotation.
For genome finishing, annotation and/or genome comparisons, the information about 'Bidirectional Best Hit' or 'BDBH' was added to each IPF. This field contains information on comparisons between an IPF sequence and the proteins of other genomes. The « BDBH » field is created automatically by the programme using Blastp comparisons of each IPF sequence to a protein database defined by the user. The protein from the database which shows the best hit to the query IPF is then compared by Blastp to the IPF database. If the best hit of this second Blastp is the sequence of the first query IPF, the programme records these two proteins in the BDBH field of this IPF. Starting with the hypothesis that the order of the proteins is conserved between L.monocytogenes and L.innocua, a graph showing the locations of all the proteins linked by a BDBH easily allows to deduce the order of the L.innocua contigs (Fig. 3A) . These results are usable even if the contig ends are repeated regions (rRNA, IS, phages), as is frequently the case at the end of a finishing phase. We also used the BDBH field to compare the IPFs of L.monocytogenes genome to the proteins of B.subtilis. This approach allowed us to identify the presence of a high synteny between the L.monocytogenes and the B.subtilis genomes (Fig. 3B) .
We used the IPF strategy to annotate the L.monocytogenes contigs during the finishing phase. After completion, 2853 IPFs containing CDS were present on the complete genome of L.monocytogenes (2 944 528 bp). Among these IPFs, 2277 (80%) were already created at the beginning of the finishing phase (247 contigs, 7× coverage) and their IPF-sequences (500 bases-ORF-200 bases) was not changed until the complete sequence was obtained. Most importantly, 91% of the ORFs, created during the first construction of the IPFs, conserved their sequence showing the usefulness of such an approach before the obtention of a final contig. The IPFsequences were also used to detect potential frameshifts using blastx results against the protein data-bank of B.subtilis. Thirty six potential frameshifts were detected by CAAT-Box at the end of the shotgun, 21 (0.8% of the CDS) persist after the completion of the genome.
The final stage of the sequencing project is the creation of an EMBL file of the sequence and the submission of the annotated sequence to the EMBL database. CAAT-Box can be used to create this EMBL file to which information concerning ribosomal RNAs and transfer RNAs is added. After the completion of a genome, the EMBL file can also be used by other programs which will allow to refine the annotation of each protein by taking into account surrounding CDSs, which is more difficult when the proteins come from a set of contigs.
METHODS

Help for finishing
Two CAAT-Box modules can be chosen by the user to predict links between contigs by comparing the ends of contigs to a control genome. The module 'sort-nucl' is used with the nucleotide sequence of the control genome. This module extracts the ends of each contig, the length can be fixed by the user, and searches regions of similarity in the control genome using Blastn (Altschul et al., 1997 ). The regions selected are then compared to each other. If two regions are less than 10 000 nucleotides apart, they are recorded in the output file produced by this module.
If a protein database of the control genome is available in addition to the nucleotide sequence, the module 'sort-prot' is used. This module uses the Blastx program to search similarities between each contig end and the proteins of the control genome. A Tblastn comparison is then carried out for each selected protein in order to automatically determine its location in the control genome. The output files of these modules appear as HTML pages which represent all the possible links for each contig. Each contig's name is also linked to another HTML page which presents all ORFs extracted from this contig and their homology with proteins in a specific database (e.g. Swissprot-Trembl).
Creation of the IPFs
At the end of the random phase of a shotgun project, and after having checked the quality of the contig sequences, two nucleotide databases can be created with CAAT-Box. One contains all ORFs longer than the size defined (e.g. 300 codons), the second one contains all intergenic regions after subtraction of all ORFs longer than the size defined (e.g. 80 codons).
These two databases are used to create a Genemark matrix (Isono et al., 1994) . Using this matrix, CAAT-Box creates a database containing ORFs whose minimal size has been selected: all ORFs longer than the size defined are automatically selected; smaller ORFs are also selected if they code for at least 40 amino-acids and if their sequences are defined as coding according to the Genemark matrix.
When creating the first IPFs, CAAT-Box creates for each ORF an IPF which contains the location of the ORF and its sequence including 500 bases before and 200 bases after the stop codons called 'IPF-sequence'. The set of IPFs are numbered from 1 to N (for N ORFs) with a version number added. Certain IPFs which do not seem to contain a coding sequence (CDS) are automatically marked as « FALSORF ». These marks are added to each IPF when no similarity in the Swiss-Prot-Trembl database is detected, when the IPF is unlikely to contain CDS according to the Genemark matrix and when it is in competition with larger ORFs on a different reading frame.
During an update of the IPFs panel, the programme searches for each new ORF that corresponds to an old IPF sequence. First, CAAT-Box extracts from the contigs database the new IPF-sequence (500b-ORF-200b) corresponding to each new ORF. Second, it searches all new IPF-sequences which are completely identical to one and only one old IPF-sequence. The corresponding IPFs are copied in a new directory and only the fields containing the information on its location are updated (e.g. IPF 100.1 stays IPF 100.1). The fact that the IPF sequence is composed of 500 bases before the ORF, the ORF sequence and 200 bases after the ORF limits the probability of multiple similarities with several former IPFs. The remaining new IPF-sequences are used as query sequences to search for Blastn similarities (>40%) with old IPF sequences. Each old IPF-sequence representing a best hit is then used as a query to perform a second Blastn search on the new IPF-sequence database. If the best hits of the first and second Blastn searches identify the same pair of new and old IPF-sequences (BDBH), this old IPF will be considered as « ancestor » of this new IPFsequence. For these ORFs, a new IPF will be created with the same number as the ancestor IPF but with its old version number plus one (e.g. 
CONCLUSION
We present a software dedicated to the monitoring of the sequencing part of a genome project and to the annotation of the genome with the possibility to start to annotate the contigs during the finishing phase of the genome project. This software was used to annotate the genomes of L.monocytogenes, L.innocua and S.agalactiae (Glaser et al., 2001 (Glaser et al., , 2002 which proved the usefulness and high performance of this strategy. Currently, CAAT-Box is being used in the sequencing of the genomes of Photorhabdus luminescens (http://www.pasteur.fr/gmp) and Candida glabrata (http://genopole.pasteur.fr/glabrata). Two features of CAAT-Box are particularly important to reduce the time required for the obtention of a completely annotated genome while keeping a high-quality annotation:
• the predictions of links between contigs by comparison with selected control genomes • the creation of IPFs allowing to start the annotation during the finishing phase.
